This paper presents performance data for laboratory and engineering model 30cm-diameter ion thrusters operated with xenon propellant over a range of input power levels from approximately 2 to 20 IcW. Also presented are preliminary performance results obtained from laboratory model 50cm-diameter cusp-and divergent-field ion thrusters operating with both 30cm-and 50cm-diameter ion optics up to 20 kW input power. These data include values of discharge chamber propellant and power efficiencies, as well as values of specific impulse, thruster efficiency, thrust, and power. The operation of the 30cm-and 50cm-diameter ion optics are also discussed.
Introduction
A program was initiated at the National Aeronautics and Space Administration Lewis Research Center (NASA-LeRC) to identify and extend the physical operating limits of 3 kW mercury ion thruster technology to the 10 kW level power range with inert gases. This was motivated by interest in the near term application of ion thrusters for solar electric propulsion missions in Earth-space [refs. [1] [2] [3] . These missions would benefit from the reduction in propulsion system complexity afforded through higher power engine operation. The approach in implementing this activity has been to pursue two parallel paths: (1) assess the feasibility of extending the power range of existing 30cm ion thruster technology, and (2) fabricate and test 50cm ion thrusters.
Higher power engine operation can be achieved by an increase in the maximum electric field strength of the ion optics which results in higher ion currents and/or specific impulse, by a change in propellant to a lower atomic weight (with a consequent increase in specific impulse), or by an increase in the effective ion optics area (engine diameter for cylindrical thrusters). Ion thruster operation in the 2 to 25 kW range and up to 200 kW was demonstrated more than twenty years ago by increasing the ion optics diameter to 50-and 150 centimeters respectively [refs. 4, 5] . However, in the intervening two decades since these experimental efforts were concluded, significant advances in ion thruster component technology have been made. These advances include the development of high emission current hollow cathodes, broad-beam, high perveance ion optics, and magnetic multipole plasma containment schemes. Thruster operation utilizing these technologies with xenon propellant is presented herein.
Apparatus and Procedure Thrusters
The performance of several thrusters was documented over a wide range of power levels with xenon propellant, and is presented herein. These thrusters include; (1) a 30cm diameter engineering-model divergent field J-series thruster (Hughes Research Laboratory-built SN-J8), (2) two 30cm diameter laboratory-model ringcusp thrusters, (3) a 50cm diameter laboratory-model ring-cusp thruster, and (4) a 50cm diameter laboratory-model divergent field thruster. Figures la-e and Table I provide information on the designs of these thrusters.
The 30cm diameter, divergent, field, J-series thruster, referred to here as '30DIV, is described in reference 6. The 30cm diameter laboratory-model ring-cusp thrusters, '30RC1' and '30RC2', employ magnetic circuits similar to the thrusters developed by Sovey [ref. 7] , and by Beattie et al.[ref. 8] , respectively. The aspect ratio of the 30RC2 discharge chamber is somewhat different than the 30RC1 thruster due, to a shorter chamber length. The design is simplified (in terms of total numbers of magnet rings in the chamber) from 30RC1, and those originally tested and reported in reference 7. The geometry also does not employ an alnico magnet concentric with the cathode assembly, as does 30RC1. This precludes the possibility of irreversible losses with this magnet due to radiative heat transfer from the cathode, as well as design problems associated with cantilevering this mass at the end of the cathode assembly.
Three distinct magnetic field geometries for a 50cm ring-cusp thruster, identified in Table I as 50RC1, 50RC2, and 50RC3, were investigated. The 50RC1 and 50RG2 geometries incorporated magnet rings on the downstream adapter plate used to mate the chamber to 30cm-diameter optics; consequently, neither magnetic circuit could be characterized with 50cm-diameter ion optics. The 50RC2 configuration is comparable to 50RC1 shown in Figure Id except for the removal of the magnet ring #1 near the cathode assembly. Configuration 50RC3 is comparable to 50RC1 except for the removal of the three magnet rings (#11 -#13) on the adapter plate. The 50RC3 geometry was characterized with both 30cm-and 50cm-diameter ion optics. When operated with 50cm optics, the downstream cathode potential adapter plate was removed. Both the 30cm-and 50cm-diameter ring-cusp thrusters utilize high field strength samarium-cobalt permanent magnets arranged in rings of alternating polarity along the side and back of the anode potential discharge chamber. The magnetic field lines terminate on the magnet surface forming a cusp, hence the term 'ring-cusp'(RC) thruster. The 50cm diameter divergent field thruster, referred to here as '50DIV, is essentially a scaled 30cm J-series thruster. It incorporates a cathode-pole piece assembly from a J-series thruster, but unlike the 30cm thruster, it uses electromagnets to create the diverging field. The principle differences among these thrusters are the configuration and strength of the magnetic field employed to contain the primary electrons.
Ion optics
The grid specifications for the ion extraction assemblies used in testing these thrusters are described in Table II . The optics used for the performance characterization of the 30DIV and 30RC thrusters were NASA-LeRC-fabricated laboratory hardware which are functionally equivalent to standard J-series optics. Temperature measurements of grids documented herein were obtained with the operation of J-series optics.
Several sets of 50cm-diameter ion optics were fabricated using the same hydroforming and chemical-etch techniques used previously in the fabrication of 30cm-diameter optics [ref. 9] . The performance of the 50cm thrusters described herein were obtained from the operation of a single best-perveance 50cm grid set. This grid set, described in Table II , was fabricated from sintered molybdenum. Due to the preliminary nature of these activities, the 50cm grids were not permanently affixed to a mounting ring structure. Consequently, the grid separation was maintained by using a ring of synthetic mica concentric with the grid periphery. The center-to-center cold spacing for this grid set was 0.75 mm. However, irregularities in the thickness of the mica separator, and irregularities in the grids themselves, resulted in large variations in grid-to-grid spacing (from 0.6 to 1.0 mm) over the beam area.
Facilities
The performance characterization of the thrusters were conducted in the 7.6 m x 21.3 m long, and 4.6 m x 19.2 m long vacuum chambers at the NASA-LeRC Electric Propulsion Laboratory. A description of'these facilities can be found in references 10 and 11, along with a description of the power supplies and propellant feed systems employed in these experiments.
Thruster Performance Calculations
The discharge chamber propellant efficiencies quoted were calculated using correction factors to the neutral flow rate to account for gas ingestion, and corrections to the beam current to account for doubly-charged ions. Although the beam chargestate was not documented during these experiments, a,beam current correction factor was used based on doubly-charged ion current values, obtained from figure 1 of reference 10 for inert gases.
Corrections and assumptions used in calculations of overall thrustef performance included: (1) a total thrust loss factor equal to contributions from doubly-charged ions times a beam divergence factor (divergence factor assumed to be a constant value of 0.98), (2) a neutralizer mass flow rate equal to 0.067 times the beam current (during testing, some thrusters were characterized without, the operation of a neutralizer), (3) a neutralizer coupling voltage of 20 V, and (4) a constant fixed power loss of 0.05 kW due to discharge and neutralizer keeper power and accelerator grid dissipated power (some thrusters were characterized without the operation of discharge or neutralizer keepers).
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Results and Discussion
The results obtained from the parallel programs with the 30cm-and 50cm-diameter ion thrusters are presented in separate sections. In each section, the performance of the discharge, ion optics, and thrusters are discussed.
Performance of 30cm-Diameter Ion Thrusters Discharge Chamber <
The discharge chamber performance for the 30DIV, and 30RC thrusters are shown in Figures 2 -5 . The plots show the calculated beam ion production cost, in watts per beam ampere, as a function of measured discharge chamber propellaut. efficiency.
The results of the discharge chamber performance characterization for the 30DIV (J-series) thruster are presented in Figure 2 . Thruster input power levels ranged from approximately 2.9 -20.4 kW. As indicated, the mini muni beam ion production cost was approximately 135 W/A at propellant efficiencies of 90 percent. It is noted that the characterization of this thruster was done using a standard J-series cathode, which was designed for a nominal emission current of 12 A. Under most operating conditions, the emission current requirements significantly exceeded this limit, to a maximum value of approximately 64 A. The minimum beam ion production cost values in Figure 2 are comparable to those previously reported for the J-series thruster at lower power levels [ref. 10, 11] . Discharge voltages at high propellant efficiency ranged from 25 to 36 volts.
In a 567 hour wear-test of the J-series thruster at 10 kW conducted by R.awlin [ref. 12] , unacceptably high erosion of the upstream side of the baffle in the cathodepole piece region was measured. One potential solution to this erosion problem is to eliminate this component. A test was conducted to characterize the performance of the thruster discharge chamber with the baffle and support structure removed from the cathode assembly. These results are presented in Figure 3 . Thruster input power levels ranged from approximately 3.6 -11.4 kW. As indicated, minimum discharge losses of approximately 215 W/A were achieved at propellant efficiencies of 90 percent -a significant degradation in performance. Discharge voltages at high propellant efficiency ranged from 25 to 28 volts.
Another potential solution to the baffle erosion problem is to change from the divergent-field to a ring-cusp discharge chamber which does not incorporate a baffle. A ring-cusp thruster (30RC1) was characterized with xenon propellant up to 8. Results obtained for this thruster are presented in Figure 5 . For the flow rates indicated, the thruster input power ranged from approximately 3 -8.7 kW. The beam ion production costs for any flow rate were in excess of 150 W/A for propellant efficiencies greater than 80 percent. Discharge voltages ranged from approximately 24 to 44 volts at high propellant efficiency. The performance of this geometry is significantly lower than that reported in reference 8. The poor performance of this thruster may be associated with the magnetic field in the region of the cathode assembly, and the short chamber length. However, this remains to be confirmed. Figure 6 shows 'throttling-curves' for these thrusters. These curves provide a direct comparison of the discharge chamber performance of each thruster. The throttling curves in figure 6 define the minimum beam ion production cost over a range of total propellant flow rates at a fixed discharge chamber .propellant efficiency of approximately 90 percent for each thruster. The performance of the 30RC1 and 30DIV thrusters were superior,,in terms of lower discharge losses, over the range of flow rates investigated.
Ion Optics
The perveance of the 30cm-diameter NASA-LeRC-fabricated ion optics were evaluated on the 30DIV and 30RC2 thrusters. 
The perveance obtained with the 30cm optics on the 30DIV thruster is consistent with that previously reported (for a smaller current and voltage range) [ref. 10] for standard J-series optics on this thruster. As indicated from Figure 7 , the perveance degraded significantly (for V t < 2000 V) with these optics when the baffle and support structure were removed from the thruster. This degradation was concurrent, with the formation of a conical (axially peaked) current density distribution as measured by a beam probe and the reduction in the beam flatness parameter by 50 percent. Substantially lower perveance with the 30RC2 thruster was also observed. These changes in perveance are presumably due to differences in plasma density distribution across the optics, which is influenced by the axial location of the cathode and the strength of the discharge chamber boundary magnetic fields.
The only active component expected to limit thruster performance (maximum input power) as a result of elevated discharge power levels is the ion extraction system [ref. 13] . The 30cm optics were operated at elevated temperatures at thruster input power levels from approximately 2.9 to 20 kW. The discharge power for these input power levels ranged from approximately 250 to 1720 watts. Detailed temperatures of a standard J-series ion extraction system (optics and titanium mounting ring) were documented as a function of discharge power over this range without beam extraction. Temperatures at several locations along the screen and accelerator grids, and mounting structure, were monitored with thermocouples as the discharge power was controlled by varying the cathode emission current and propellant flow rate. Figure 8 shows the maximum extraction system temperature'(as measured at the upstream center of the screen grid) as a function of discharge power for the 30DIV thruster and ion optics. The data fit the equation:
T max = 300(Po) + 290 ± 15% /or 0.3 < P D < 1.8 kW (4) where P# is the discharge power in kilowatts, and T maz is the upstream center screen grid temperature in °C. As indicated, the maximum observed temperatures ranged from approximately 380 to 830 °C -a range below the temperatures where a materials problem would be incurred. The lowest temperatures observed on the extraction assembly (T m ; n ) were on the base of the titanium mounting ring. These temperatures can be described .by: .
over the same discharge power range indicated in equation 4. Figure 9 shows measured temperatures at the center of the screen and accelerator grid, and on the mounting ring base as a function of time from discharge start-up. The discharge power was approximately 1200 W. As indicated, thermal equilibrium was achieved in approximately 40 minutes.
Overall Thruster Performance Figures 10 and 11 show the demonstrated thruster efficiency versus specific impulse, and thrust versus specific impulse, obtained for the thrusters. Overall thruster performance for the 30DIV and 30RC thrusters are listed in Table III, including the values of the various correction factors.
In Figure 10 (demonstrated thruster efficiency versus specific impulse near 90 percent total : propellant efficiency), efficiencies ranged from 65 -75 percent ,fpr approximately 3150 -4500 seconds I sp for the 30DIV and 30RC1 thrusters. At lower values of specific impulse, the efficiencies of the 30DIV thruster without baffle, and the 30RC2 thruster were on the order of 3 -7 percent below, those of the 30D1V and 30RC1 thrusters. This difference at the low end of the I, p range is due to the significantly higher values of the beam ion production costs, as seen in Figures 3  and 5 . The lower region of I, p equates to lower thruster input power. At these lower power levels, the discharge losses associated with the production of beam ions is a larger fraction of the total power into the thruster; consequently, the overall thruster efficiency is more sensitive to discharge chamber performance in the lower I, p range. Figure 11 shows calculated thrust as a function.pf specific. impulse for the 30DIV thruster. As indicated over the range of approximately 3000 •-4500 seconds I, p , the thrust ranged from approximately 0.10 -.0.67 Newtons.
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Thruster Lifetime < Unacceptably high erosion of the upstream baffle in the J-series thruster has been identified during a 10 kW wear-test [ref. 12] . Subsequent erosion studies with this component have indicated erosion rates that are unacceptably high over the entire range of power levels from 2-10 kW. This thruster has insufficient life to be a candidate for high total impulse missions with xenon propellaht. Operation of this thruster with the removal of this component would eliminate the erosion, but reduces the performance of the discharge chamber and ion optics by a significant degree as previously discussed. Another potential solution to this erosion problem may be to change to the ring-cusp thruster since it does not incorporate a baffle. Wear-tests of this type thruster have been conducted by Hughes Research Laboratory [ref. 14] with xenon propellant. Results from these tests at 1.3 kW indicate no significant erosion of cathode potential surfaces; however, subsequent wear-tests should be conducted with this type thruster at higher power levels.
Performance of 50cm-Diameter Ion Thrusters Discharge Chamber
Prior to the completion of the fabrication of 50cm ion optics, the 50cm-diameter ring-cusp discharge chamber was characterized with 30cm ion optics. These results are presented in Figure 12 . The best performance in terms of low production cost at high propellant efficiency was achieved with 50RC1. The 50RC1 configuration employed 13 double-layer magnetic rings, three of which were located on the downstream cathode potential adapter plate. Minimum discharge losses of approximately 160 W/A at 90 percent propellant efficiency were achieved with this configuration. Discharge voltages at high propellant efficiency ranged from 22 to 27 volts. These values are believed to be substantially below those documented for any previous ion thruster at propellant efficiencies of interest.
For reasons of expediency, the 50cm-diameter ring-cusp thruster did not employ an anode liner to collect the current away from the magnet surface, or any active cooling of the discharge chamber. Consequently, irreversible losses were occasionally experienced for some magnets in the discharge chamber due to ohmic heating. This occurred primarily for magnet ring ^1 near the cathode assembly. A test was conducted with the complete removal of magnetic ring #1. This change, designated as configuration 50RC2, resulted in a severe performance degradation as seen in Figure 12 . Minimum discharge losses of approximately 430 W/A were observed, with a maximum propellant efficiency achieved of approximately 60 percent. An examination of the axial magnetic field profile near the cathode assembly indicated that, the 50RC2 geometry resulted in a peak field strength downstream of the cathode orifice. The magnetic profile for the 50RC1 configuration had a peak field strength at the plane of the cathode orifice. This increase in the magnetic impedance near the cathode assembly resulted in higher discharge voltages (30 -38 volts) for the 50RC2 geometry, and in higher discharge losses.
Because they incorporated magnet rings on the downstream adapter plate used to mate the chamber to 30cm-diameter optics, neither 50RC1 nor 50RC2 magnetic circuits could be characterized with 50cm-diameter ion optics. A geometry that could be characterized with both size optics is configuration 50RC3. The results obtained for this configuration with 30cm optics are shown in Figure 12 . Minimum discharge losses of approximately 320 W/A at 80 percent, propellant efficiency were achieved. Discharge voltages ranged from 25 to 33 volts.
Results obtained from the operation of the ring-cusp (50RC3 configuration) thruster and the divergent-field thruster with 50cm-diameter ion optics are shown in Figures 13 and 14 respectively. As indicated in Figure 13 , the "discharge losses with the 50cm ring-cusp thruster were approximately 125 W/A at 90 percent propellant efficiency with xenon propellant. This discharge chamber performance is comparable to the best obtained with 30cm-diameter xenon ion thrusters. The maximum input power level was approximately 16.3 kW. Discharge voltages ranged from 24 to 32 volts at high propellant efficiency.
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The discharge performance of the 50cm-diameter divergent-field thruster with the 50cm-diameter optics are seen in Figure 14 . The production costs were sensitive to total propellant flow into the discharge chamber. The minimum discharge losses with xenon propellant were 175 W/A at high flow rates. Thruster input power levels ranged from approximately 3.7 -19.6 kW. Discharge voltages ranged from 28 to 33 volts at high propellant efficiency.
As indicated in Figures 12 -15 , the discharge chamber performance (in terms of lowest production cost) was significantly better for the 50RC3 geometry with 50cm ion optics than the other thrusters. The production cost was also less sensitive to propellant flow rate and efficiency than was observed in the 50cm divergentfield thruster. However, the discharge 'stability' was very poor. The operating voltage of the discharge was extremely sensitive to small changes in cathode mass flow rate. In order to process more power through a thruster, the discharge power must be increased. This is accomplished primarily through increasing the cathode emission current. To maintain a constant, low discharge voltage at successively higher emission currents normally requires a successively higher cathode mass flow rate. The discharge voltage/cathode mass flow rate curve in ring-cusp thrusters is typically much steeper than that for divergent field thrusters. At higher power levels, changes in total discharge chamber flow rate of less than 5 percent can change the discharge voltage by as much as 100 percent.
/ Ion Optics
The perveance of the 50cm-diameter ion optics were evaluated on both of the 50cm thrusters. Figure 16 presents 5^1 ' 55 ± 25% for 50DIV thruster (7) The results obtained with the 50cm optics on the divergent-field thruster were substantially better than those achieved on the 50cm-diameter ring-cusp thruster. The difference in perveance is probably associated with a difference in plasma density across the ion optics. Cusp-field thrusters typically exhibit current density profiles which are more axially-peaked as compared to divergent-field thrusters. This remains to be confirmed, however, as there were no beam diagnostics available during the operation of the 50cm thrusters.
Also shown on Figure 16 are the data obtained from the operation of 30cm-diameter ion optics on the 30DIV thruster. As indicated, the perveance obtained with the 50cm grids on the 50DIV thruster was only slightly better than that obtained with 30cm grids, and significantly worse than the 30cm grids when operated on the 50RC3 thruster. Based on the increased area the 50cm optics should be capable of extracting a beam current 2.9 times that demonstrated with 30cm optics at a fixed total voltage and equivalent effective acceleration distance. Although the center-to-center cold grid-gap of the 50cm grid set (0.75 mm) was larger than the 30cm grids (0.6 mm), an increase in perveance of 2.9 x (|f2=*°)2 " 2.5 
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The lion-uniform grid spacing is believed to contribute to the poor performance of the 50cm optics. However, this would not fully account bfor the low perveance even if the maximum cold grid-gap spacing of 1.0 mm were used in equation 9. Although the 'hot' grid-gap spacing (during beam extraction) was not measured, differential expansion due to thermal, loading may have increased the maximum spacing beyond 1.0 mm. In addition, the radial plasma density for the two 50cm thrusters may be less uniform than that of the 30cm thrusters. Figure 17 shows beam current versus minimum total extraction voltage obtained with the 30cm optics on the 50RC1 and 50RC3 thrusters, compared to that obtained with the 50cm optics on the 50RC3 thruster. As indicated, the performance of the 30cm optics on the 50cm-diameter cusp-field discharge chamber were substantially better than that achieved with the 50cm optics.
Overall Thruster Performance
Figures 18 and 19 show the demonstrated thruster efficiency versus specific impulse, and thrust versus specific impulse, obtained for the two 50cm thrusters with 50cm-diameter optics. Overall thruster performance for each of the thrusters, including the 50RC1 and 50RC3 configurations with 30cm optics, are listed in Table   iv .
•
In Figure 18 (demonstrated thruster efficiency versus specific impulse near 90 percent total propellant efficiency), typical efficiencies ranged from 60 to 75 percent from approximately 3200 to 4750 seconds l ip . These values are comparable to those achieved with the 30cm ion thrusters [ Fig. 10 ]. At the lower values of specific impulse, the efficiencies of the 50DIV thruster were on the order of 2 to 3 percent below the ring-cusp thruster due to the significantly lower discharge chamber efficiency of this thruster.
. Figure 19 shows calculated thrust as a function of specific impulse for the two thrusters with 50cm-diameter ion optics. As indicated over the range of approximately 2750 to 4500 seconds l ap , the thrust ranged from approximately 0.10 to 0.60 Newtons. The thrust which has been demonstrated with the 30cm-diaiiieter ion optics on the 30DIV thruster is comparable to that presently demonstrated with either 50cm thruster with the 50cm-diameter ion optics. Also plotted is the thrust range that would be anticipated with 50cm ion optics operating at a. perveance level increased by a factor of the beam-area ratio.
Concluding Remarks
The results obtained from performance characterization of several ion thrusters 11 over an extended power range to 20 kW with xenon propellant were presented. Typical discharge chamber performance for the 30DIV (J-series) thruster was 135 -155 W/A at propellant efficiencies of 90 percent. A substantial performance degradation was observed when this thruster was operated without the baffle and support structure, two components which undergo severe erosion. Discharge losses as low as 115 W/A at 90 percent propellant efficiency were achieved with a 30cm ring-cusp thruster operating at input power levels up to 8.3 kW.
The performance of 30cm NASA-LeRC-fabricated ion optics were also evaluated. The perveance of the optics obtained on the 30DIV thruster was comparable to that previously reported for J-series optics on this thruster over a smaller current and voltage range. The perveance was significantly less with these optics on the 30DIV thruster when the baffle and support structure were removed, and on the 30RC2 thruster. It is believed that this is due to the formation of an axially peaked current density profile with these geometries.
The 30cm ion optics successfully operated at elevated temperatures at thruster input power levels from 2.9 to 20 kW. Temperature measurements were made of the screen and accelerator grids, and the mounting ring of a J-series ion extraction system over a range of discharge power. Maximum temperatures, as measured on the upstream center of the screen grid, varied from 380 to 830 °C over a discharge power range equivalent to these input power levels.
The overall performance of the 30DIV and 30RC thrusters were documented. Typical thruster efficiencies were in the range of 65 to 75 percent at 3150 to 4500 seconds l, p . Calculated values of thrust over this l sp range were approximately 0.10 to 0.67 Newtons.
Preliminary performance data for a 50cm-diameter ring-cusp ion thruster with both 30-and 50cm-diameter ion optics were documented with xenon propellant up to approximately 16 kW input power. Typical discharge chamber performance with 50cm ion optics was 125 W/A at 90 percent propellant efficiency. The discharge voltage was sensitive to small changes in cathode propellant mass flow rate with the 50RC3 magnetic geometry.
The performance obtained with a 50cm-diameter divergent-field was also documented over a range of approximately 4-20 kW. Minimum discharge losses of approximately 175 W/A were achieved at. high propellant efficiencies and flows with xenon propellant. The beam ion production cost value was more sensitive to propellant flow rate and efficiency than was observed with the 50cm cusp-field thruster.
The performance of the 50cm-diameter ion optics were evaluated on both 50cm thrusters. The demonstrated perveance .was comparable or less than that documented for the operation of 30cm ion optics with xenon propellant. It is believed that the relatively poor performance of these optics are due to a large non-uniform grid gap over the optics span.
• • , . '
The overall performance of the 50cm thrusters were comparable to that documented for the 30DIV (J-series) thruster. Typical thruster efficiencies were in the range of 60 to 75 percent at 3250 to .4750 seconds I 3p . Calculated values of thrust, over this I sp range were approximately 0.10 to 0.60 Newtons. Ta body tube with 3.0 cm dia.
• radiation fin • 2.0,mm dia. orifice Prepared for the 24th Joint Propulsion Conferences cosponsored by the AIAA, ASME, SAE, and ASEE, Boston, Masssachusetts, July 11-13, 1988.
Abstract
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